A family of seven patients severely afflicted with hemophilia B has been studied for their factor IX genes through the use of factor IX cDNA and genomic DNA probes. The patients had detectable (less than 10% of normal) factor IX antigen in urine and no detectable inhibitors in sera to factor IX protein. Based on the DNA hybridization analysis, these patients showed a partial intragenic deletion in their factor IX gene. The deletion included two exons (exons V and VI) coding for the amino acid sequence from number 85 to 195 of the factor IX protein. The deleted portion of the gene contained the entire factor IX activation peptide. The length of the deletion was estimated to be 10 +/-0.3 kilobase pairs. This specific gene has been named FIXSeattle. In this family both the deletion and a Taq 1 restriction fragment length polymorphism can be used as a useful marker for accurate detection of female carriers of the deficient factor IX gene. Abstract A family of seven patients severely afflicted with hemophilia B has been studied for their factor IX genes through the use of factor IX cDNA and genomic DNA probes. The patients had detectable (<10% of normal) factor IX antigen in urine and no detectable inhibitors in sera to factor IX protein. Based on the DNA hybridization analysis, these patients showed a partial intragenic deletion in their factor IX gene. The deletion included two exons (exons V and VI) coding for the amino acid sequence from number 85 to 195 of the factor IX protein. The deleted portion of the gene contained the entire factor IX activation peptide. The length of the deletion was estimated to be 10±0.3 kilobase pairs. This specific gene has been named FIXs"". In this family both the deletion and a Taq 1 restriction fragment length polymorphism can be used as a useful marker for accurate detection of female carriers of the deficient factor IX gene.
Introduction
Hemophilia B is an X-linked disorder caused by the absence or dysfunction of the factor IX protein. The disorder occurs in about one in 30,000 newborn males. The factor IX gene has been cloned and sequenced (1) (2) (3) (4) , and the cDNA probes have been used for both genetic studies in families with hemophilia B and to detect a restriction fragment length polymorphism (RFLP)l that occurs in the general population (5, 6) . Recently, two additional polymorphisms have been described with the restriction enzymes Xmn I, Hinf I, or Dde 1 (7) . Using molecular hybridization techniques, the gene for factor IX has been localized at the distal long arm of the X chromosome within the region designated as Xq27 to Xqter (5, 8) .
Using cloned DNA probes for factor IX, Gianelli et al. (9) have shown a gross gene deletion in four out of five patients with specific anti-factor IX antibodies. The fifth patient did not have DNA abnormalities detectable by Southern blot DNA analysis. More recently, a sixth patient was found to have at least a partial gene deletion (10, 1 1).
This report was published in abstract form in 1985. Clin. Res. 1 17A. 1 . Abbreviations used in this paper: bp, base pair, kb, kilobase pair, RFLP, restriction fragment length polymorphism.
Here we report two hemophilia B patients in a family without factor IX inhibitors. We found that these patients had an abnormal factor IX gene with a partial deletion of -10 kilobase pairs (kb) in the middle portion of the corresponding normal gene.
Methods
The family in this study included seven males severely afflicted with hemophilia B (Fig. 1 ). Two of the seven patients had -0.1 U/dl of normal factor IX antigen (1 U/dl) in their sera, as determined by an immunoradiometric assay (12), and five of them had <1% of normal factor IX procoagulant activity (13) . Fresh blood was drawn from two ofthe boys (III-4, age 3, and III-8, age 7) for DNA study. Neither patient has been shown to exhibit inhibitory activity to factor IX, as determined by the method of Kasper ( 14) , and each has received fresh frozen plasma and commercially concentrated factor IX in the past for bleeding episodes. Both are considered to be clinically well and functioning normally on a demand home transfusion program.
Between 100 to 400 Ag of DNA samples were prepared from 10 to 30 ml of fresh heparinized blood according to the method described by Murray et al. (15) . 10-15 ltg of DNA was digested overnight with restriction enzymes according to the manufacturer's specifications (Bethesda Research Laboratories, Gaithersburg, MD). The digested DNA samples were then subjected to 0.8% agarose gel electrophoresis in a Tris-phosphate-EDTA buffer (0.08 M Tris, 0.008 M EDTA, adjusted to pH 8.2 with 85% phosphoric acid). Gel electrophoresis was performed at room temperature for 20 h at 2.0 V/cm. After electrophoresis, the gel was immersed in the Tris-phosphate-EDTA buffer containing ethidium bromide (0.5 ug/ml) for 20 min. Photographs of the gel were taken using a transmitted UV light box and Polaroid 667 film. The DNA fragments were then transferred to a nitrocellulose filter according to the method described by Southern (16) . The filter was baked for 3 h at 750C, then prehybridized for 4-12 h at 420C with 1% glycine in Stark's solution that contained 5 X SSC (0.3 M NaCl, 0.03 M Na-citrate), 1 X Denhardt's solution, 0.3 mg/mI salmon sperm DNA, and 50% formamide. The hybridization was carried out with a radiolabeled probe (-5 X 106 cpm/ filter) in a Stark's solution containing 10% dextran sulfate for 24-48 h at 420C. After hybridization, the filter was washed three times for 5 min each time in 2 X SSC containing 0.1% sodium dodecyl sulfate (SDS) at room temperature and two times for 30 min each time at 650C in 0.01 X SSC containing 0.1% SDS. After air drying, the filter was exposed to Kodak XAR film (Eastman Kodak, Rochester, NY) at -700C for 4-10 d. Genomic DNA probes, as well as the cDNA probe (1), were labeled with a-[32PJdeoxynucleotides to 2-3 X 108 cpm/Mg in a nick-translated reaction (17) . The cDNA clone used as the probe contained the DNA sequence coding for entire signal peptide, mature protein, and part of the 3'-noncoding sequence (1) . As shown in Fig. 5 , genomic DNA probe 1 (333 base pairs [bp] in length) was located at -3.5 kb upstream of exon V in Intron D; probe 2 (600 bp in length) was adjacent to probe 1, also located in the intron D; probe 3 (1,31 1 bp in length) was located 3' downstream of exon VI in intron F. The genomic DNA probes were prepared from genomic DNA subclones in plasmids by digesting with Hind III (probe 1), Hind III and Hae III (probe 2), and Hind III and Eco R I (probe 3), respectively (S. Yoshitake and K. Kurachi, unpublished data kb fragments was -0.6 and 0.4, respectively, which agrees with previously published results (6) . Fig. 2 A, lane d, shows the restriction fragment length pattern obtained from one of the affected males (111-4) whose DNA was digested with Taq 1. He retains the 5.0-, 2.7-, 1.5-, and 1.3-kb fragments, but he is missing the 3.6-and 1.0-kb fragments. His cousin (111-8) has an identical pattern.
DNA prepared from three known obligate carriers from this family, 11-2, 11-3, and II-4, demonstrated that each of them has the 1.8and -1.3-kb fragments (Fig. 2 B, lanes b, d, and e ). Since their male offsprings with hemophilia demonstrate the 1.3-kb fragment, this 1.3-kb RFLP represents a marker for the hemophilia B gene in this pedigree. It is also apparent that the relative intensities of the 3.6and 1.0-kb fragments from the obligate carriers are weaker than those observed from a normal female control (Fig. 2 B, lane a) . Levels of factor IX procoagulant activity, factor IX antigen levels, and the RFLP phenotype of each member of this family are indicated within the pedigree in Fig. 1 .
Autoradiographs of Southern blots of normal and patient genomic DNA samples digested with Eco R1 and Bam H 1 and hybridized to the cDNA probe are shown in Fig. 3 . The Eco RI digestion of DNA samples of normal individuals generated five fragments: 13, 6.8, 5.5, 4.8, and 4.6 kb in length, as estimated by agarose gel electrophoresis. These are illustrated in lanes a, c, and d in Fig. 3 A. In genomic DNAs obtained from the patients under study (III-4 or 111-8), the 6.8and 4.6-kb fragments are absent (lane b in Figure 3 A). Digestion with Bam H 1 followed by hybridization with the cDNA probe generates only a single broad band of -22-27 kb in length in the control (Fig. 3 B, lane a), while two bands of 24.5 and 17 kb in length are seen in the patient (Fig. 3 B, To further define the deletion sites in this abnormal factor IX gene, three genomic DNA probes were used (Fig. 4 ). When probe 1 was hybridized to Eco RI-digested DNA, only a 3.5-kb fragment was observed in the DNA sample from the patient, while the normal control contained a 4.6-kb fragment (Fig. 4  A) . When probe 2 was used, no hybridization to any DNA fragment could be detected in the DNA from the patient, while a 4.6-kb fragment was present in normal control (Fig. 4 B) . When probe 3 was used on the same Eco RI digestions, the patient had a 3.5-kb fragment instead of a 6.8-kb fragment observed in control samples (Fig. 4 C) . These results indicate that the 5' site of the deletion occurs between exons IV and V. Specifically, the 5' deletion is within the site that corresponds to the genomic probe 1 (333 bp in length).
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It was clear from the use of the cDNA probe for factor IX that the males with hemophilia B have an intragenic deletion within the factor IX gene. We have named this specific defective gene FIXs"'. The site ofthis deletion is shown in Fig. 5 . The deletion in the gene resulted in the loss of exon V and exon VI. The extent of the deletion on either side of these exons was not able to be determined by the cDNA probe alone. Southern blot analyses employing the three genomic probes further delineated the sites and extent of the deletion.
Probes I and 2 are genomic DNA probes of -0.3 and 0.6 kb in length and are adjacent to and contiguous with each other. DNA prepared from normal individuals and the patient hybridized with probe 1, While probe 2 hybridized with DNA from normals but did not hybridize with DNA from the patient. This indicates that the deletion occurs within the region of probe 1. It is possible, however, that the deletion may start close to the 5' region of probe 2 at or near the immediate vicinity of its contact to probe 1. This possibility has not been excluded. Since both probe I and probe 3 hybridized to the same 3.5-kb fragment, this fragment represents the remaining DNA segment that would normally be generated from an Eco R1 digest of normal DNA and would include the 4.6-, 2.1-, and 6.8-kb sections. The difference between these fragments and the remaining 3.5-kb segment represents the size of the deletion, -10 kb. Since probe 1 is the approximate limit of resolution of the detection system employed in this study, the size of the intragenic deletion is estimated to be 10.0±0.3 kb. The precise size and delineation of the deletion sites will be determined by sequencing the DNA fragment containing the deletion junction sites. At the level of translation, the deletion would include the coding region for the E E E # | l A~~~~UDI N| /\ | Vil Vill Exons are shown as solid regions labeled with roman numerals (I to VIII). The sites of the genomic probes employed are depicted as solid bars with arabic numbers at the top (I to 3). B shows the factor IX gene with the partial deletion delineated in the patients. The deleted segment (-10 kb) corresponding to the normal gene is shown between the dotted lines. The organization of the normal gene in A is according to Yoshitake et al. (4) . The restriction sites in the 5' region of the gene are not complete in this figure.
Intragenic Deletion ofthe Factor IX Gene 2163 A Gianelli et al. (9) have previously reported patients from the United Kingdom with deletions involving all or part of the factor IX gene. These patients were selected for DNA analysis because they were known to have detectable antibodies against the factor IX protein.' Ofthe five patients studied, four were shown to have detectable gene deletions involving all or part of the factor IX gene. Whether any ofthese patients has the same deletion detailed in this report is not clear. They did not detect any observable deletions in 20 patients who did not have antibodies to the factor IX protein. They suggested that antibodies were produced in these patients because of (a) the absence of an immunologically recognizable factor IX, (b) breakdown of tolerance as a result of exposure to cross-reacting antigens, or (c) the existence of factor IX allotypes. They favored the first suggestion as a reasonable hypothesis, since the use of factor IX protein in the treatment of hemophilia B would present a protein to the host that might not be recognized as "self" by the host immunological system. Our patients do not have detectable inhibitory antibodies to factor IX in their sera.
A residual question in this family is whether or not the defective gene is transcribed and translated. Bray and Thompson (18) have preliminary information that would indirectly indicate the deleted factor IX gene does form mRNA and translate a protein fragment. From urinary sediments they were able to demonstrate the presence of a partial factor IX protein (<10% of expected) by using a polyclonal antibody and assaying by an immunoradiometric method. The presence of this protein fragment may confer enough immunologic memory to prevent the formation of antibodies to exogenous factor IX protein.
Use of the cDNA probe in this family was most informative for genetic counselling of female relatives of the patients. In all X-linked diseases in which the gene product is used for heterozygote detection, a reliability of >80% is rarely achieved. In this family, two females (11-4 and 11-5) had factor IX activities and antigen levels that were compatible with those within the range of normal persons. The woman II-4, however, was unequivocally an obligate carrier for hemophilia B because she had given birth to two males with factor IX deficiency. Her sister (II-5), however, has not yet reproduced and her carrier status remained to be determined in spite of having activity levels and antigen levels within the normal range. This woman, however, is now classified as a noncarrier on the basis of the normal autoradiographic intensity of the 3.6and 1.0-kb Taq 1 fragments of her DNA that hybridized with the cDNA probe and the fact she did not inherit the 1.3-kb polymorphic fragment that is known to be associated with the gene for factor IX deficiency in this family. In this family, therefore, the cDNA probe was used successfully for carrier detection and genetic counselling. It could also be used for prenatal diagnosis under appropriate conditions.
